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118 Chapter 4 
4.1 
Effect of surface coatings on radon exhalation16 
4.1.1 Introduction 
Radon-reduction measures can be classified into various categories, depending their point 
of action: 
a. Reduction of the sources 
Examples of this category are the preferential use of construction materials known to 
have low exhalation rates or replacement of the original soil by materials low in 226Ra. 
This method is only practical for new constructions or drastic renovations. 
b. Application of barriers 
Barriers will prevent or reduce the ingress of 222Rn into a dwelling. Increasing the 
groundwater level and sealing of the groundfloor will reduce the transport of 222Rn 
from crawl space into living compartments of a dwelling.  
c. Reduction of indoor 222Rn concentration 
Enhanced ventilation can keep the actual 222Rn concentrations sufficiently low, but has 
as drawback a rise in energy consumption.  
d. Reduction of the inhalation dose 
Given a 222Rn concentration a reduction of the inhalation dose can be obtained by air 
cleaning devices. However, the obtained dose reduction leaves a lot to be desired.  
 
Research on radon-mitigation measures therefore has focussed on methods belonging to 
the second category. Sealing of the indoor building surfaces seems to be an attractive 
method to reduce the 222Rn exhalation rate and with that the 222Rn concentration in 
dwellings due to construction materials. Several studies have been performed on the 
suitability of synthetic foils (Pohl-Rühling et al., 1980; Jha et al., 1982; Hafez and 
Somogyi, 1986; Daoud and Renken, 2001; Jiránek and Hůlka, 2001), plasters (Abu-Jarad 
and Fremlin, 1983; Morawska, 1983), caulking compounds (Fleischer, 1992) and surface 
coatings (Auxier et al., 1974; Abu-Jarad and Fremlin, 1983; Morawska, 1983) as barriers 
to 222Rn gas diffusion. In this section the number of paint systems was extended and the 
effect on the free exhalation rate when the surface of the test walls was coated on all sides 
was tested. From the results the retaining action was calculated for the situation in which 
the coating would be applied to only one side of the wall. 
                                                          
16  This chapter is based on a presentation at the international workshop on Indoor Radon Remedial 
Action, held in Rimini, Italy, 27 June to 2 July 1993 and paper published in Radiation Protection 
Dosimetry 56:179-183 (1994), entitled Reduction of the radon entry rate from building materials        
by industrial surface coatings. Authors P. de Jong and W. van Dijk.  
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4.1.2 Materials and methods 
Selection of paint systems 
Several acrylate dispersion paints commonly used for decoration of walls and ceilings have 
been tested. They were selected on the basis of their share in the market in the Netherlands. 
Most of them belong to the so-called do-it-yourself sector, but some professional paints 
were included as well. The experiments showed that the coatings chosen were not 
successful in retaining 222Rn. Therefore, a second set was composed of coatings of lower 
vapour permeability. This set includes paints, which are not normally applied indoors. All 
paints were obtained from a wholesale business or kindly provided by the manufacturer. 
The paints of set 2 are listed in Table 4.l. 
 
Table 4.1  
Reduction factors of the various types of surface coatings (set 2). 
Application Type μ value No of R a 
   layers  
Concrete paint Acryl resin 10,000 2 0.95 
Concrete paint Silicates 1,000 3 0.98 
Wood/concrete paint Alkyd resin 20,000 2 1.04 
   3 0.98 
   4 1.09 
Construction paint Chlorinated rubber 50,000 2 1.09 
Construction paint Chlorinated rubber 100,000 2 0.77 
   4 0.57 
Construction paint Polyurethane 30,000 2 0.31 
Construction paint Coal-tar/epoxy resin 100,000 2 0.67 
Building paint Epoxy resin 50,000 2 0.70 
   4 0.24 
Building paint Polyurethane 30,000 2 0.37 
   4 0.25 
Façade paint Acrylate dispersion 3,000 2 0.53 
a   Reduction factor by a double-sided coating (measured values).  
 
Preparation of test walls 
The first set of paints was applied to small (phosphogypsum) test walls (size 0.45 x 0.45 x 
0.07 m3), originating from a commercial test production batch. The second set of paints 
was applied to commercially available concrete blocks (size about 0.5 x 0.45 x 0.1 m3). In 
successive steps, the test walls were coated on all (six) sides by a professional painter, 
according to the directions for use of the manufacturer. Special attention was given to the 
distribution of the paint near the edges. Prior to the exhalation measurements the test walls 
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were conditioned with respect to temperature and relative humidity (20°C, 50% RH) 
during at least four weeks.  
 
Determination of the 222Rn exhalation rate 
The free exhalation rate of each individual test sample was determined before and after 
application of the 222Rn sealant, using a purge and trap method described in section 2.1. 
Each test wall is analysed in triplicate under standard conditions (20°C, 50% RH). 
 
Calculation of the reduction factor 
The retaining action of the sealants is expressed by a reduction factor R, which is defined 
as the quotient of the area exhalation rate of the coated test wall and its original value. 
Based on the mean variation coefficient of the analytical method (see section 2.1) a 
significant reductive effect is obtained if R ≤ 0.85 (p < 0.01, Student t-test).  
 
Modelling 
In common practice the coating is applied to the side that faces the living area only. Due to 
a diminished build-up of 222Rn gas within the material, the area exhalation on the painted 
side will be lower than in the case where both sides of the wall are provided with a surface 
coating. This effect is examined in more detail by model calculations. 
 Three situations are considered: a bare wall (A), the same wall provided with a coating 
on both sides (B) and a single-sided coated wall (C). Figure 4.1A schematically shows the 
222Rn concentration profile of the original wall assuming that the 222Rn concentration of the 
air outside at both sides of the wall is negligibly low. If this wall is provided with a surface 
coating on both sides, the 222Rn concentration profile will change depending on the 
retaining effect of the coating in question. Profile I (Figure 4.1B) applies when the coating 
is totally ineffective (compare Figure 4.1A), profile II when the exhalation rate is partly 
diminished and profile III when a totally impervious barrier is used. If the decoration is 
limited to one side of the wall only (Figure 4.IC), a fraction of the 222Rn gas formed in the 
material can escape via the unpainted side. As a consequence, the plane of symmetry shifts 
from the central point to the painted front (drawn for profile II in Figure 4.IC). The profiles 
I, II and III refer to the same retention as indicated above. If the point of the profiles at 
which the concentration is maximal is taken as x = 0, the diffusion along the x-axis follows 
Fick’s Law and can be described by the differential equation given in eq. (1.1). For a 
steady-state situation the solution of this equation can be expressed as: 
  
flxAxC  )/cosh()(  .      (4.1) 
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Figure 4.1 
Schematic picture of the 222Rn concentration profiles of a bare wall (A), the same wall 
provided with a coating on both sides (B) and coated on one side (C). The profiles I, II and 
III refer to an open, ineffective coating, an intermediate acting coating and a totally 
impervious coating, respectively. 
 
In this equation C(x) is the 222Rn concentration in the interstitial space of the material (Bq 
m-3); A is a constant (Bq m-3); l is the diffusion length (m); f is the production rate of 222Rn 
per unit of volume of interstitial space (Bq m-3 s-1); and  is the decay constant of 222Rn 
(s-1). From the boundary conditions, the constant A can be determined; for the three 
situations under consideration these conditions are (see also Figure 4.l): 
 situation A: C(L) = 0 
 situation B: C(L) = CL' 
 situation C: C(b) = CL" 
 
which results for each situation in a value for A. Substitution of these boundary conditions 
in eq. (4.1), the 222Rn concentration in the interstitial spaces can be written as: 




lxffxC   ;     (4.2) 













   .    (4.4) 
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 )(( .    (4.5) 
In this equation E is the 222Rn flux from the wall (Bq m-2 s-1); ε is the porosity of the wall 
(dimensionless); and D is the pore diffusion coefficient (m2 s-1). If eq. (4.5) is solved for 
each of the 222Rn profiles given in eqs. (4.2) to (4.4), for each considered situation A to C 
an exhalation rate is obtained. Dividing the obtained expressions for the exhalation rate for 

















  ,    (4.7) 
with E the exhalation rate of the bare wall (situation A); E′ the exhalation rate of the wall 
coated on both sides (situation B); and E" the exhalation rate of the wall coated on one side 
(situation C, coated side).  
 According to Hart and Levins (1986) the 222Rn concentration C(x) in the coating can be 
described by the formula: 
       LxLforlxLxC 1/sinh)( ,  (4.8) 
where β is a constant; L is half of the thickness of the wall; δ is the thickness of the 
coating; and l1 is the diffusion length of 222Rn in the coating material. An estimate derived 
from permeability’s of some plastic membranes (Jha and al., 1982; Hafez and Somogyi, 
1986) gives an average diffusion length of about 700 μm. As the thickness of the applied 
coating layers were less than 500 μm, sinh [(L + δ - x)/ l1] approaches (L + δ - x)/ l1, within 
10%, which implies a near linear concentration gradient across the coating. This being the 
case, the 222Rn fluxes E' and E" transmitted by the coating are assumed to be proportional 









.      (4.9) 
The variable C"L is calculated from an additional boundary condition for eq. (4.4); for this 
equation applies that C(-a) = 0 (see Figure 4.1), leading to the following expression: 








lbfCL       (4.10) 
Furthermore applies: 
  Lba 2        (4.11) 
The above set of equations is solved mathematically with half of the thickness of the wall 
(L) and the diffusion length (l) as variables. Figure 4.2 and 4.3 show the relations of the 
exhalation rates of a wall coated at one side and the same wall coated on both sides for two 
wall thicknesses and a number of diffusion lengths. The results will be discussed in the 
next paragraph.  
 
Figure 4.2 and 4.3  
The ratio of the exhalation rates of a double sided coated wall and a bare wall (E’/E) as a 
function of the ratio of the exhalation rates of a single-sided coated wall and a bare wall 
(E”/E) for a diffusion length, 1, equal to 0.05, 0.10, 0.20 m and 0.40 m, respectively. The 
left figure shows the results for a wall thickness of 0.10 m (L=0.05 m), the right figure for 
a thickness of 0.20 m (L=0.10 m). 
 
4.1.3 Results and discussion 
In this study the first set of coatings consisted of 13 different acrylate dispersion paints, 
normally applied for decoration purposes in homes. No reduction in the exhalation rate 
could be demonstrated in any of the investigated sealants. The results pertaining to the 
second set of coatings are compiled in Table 4.l. The measured reduction factors ranged 
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polyurethane-based coatings. As indicated above, the coatings from set 2 were selected for 
their vapour permeability. A measure for this parameter is the so-called μ-value: the higher 
the μ value, the lower the vapour permeability. As can be concluded from Table 4.l, there 
is no relation between this parameter and the 222Rn retaining effects of the coatings. The μ- 
value for the dispersion paints from set l ranged from 500-5000. 
 Studies by others indicated an inherent advantage for epoxy paints over various alter-
natives. Reported reduction factors for coatings applied single-sided or all-sided ranged 
from 0.07-0.5 (Auxier et al., 1974; Eichholz et al., 1980; Abu-Jarad and Fremlin, 1983). A 
reduction close to 100% was reported by Culot et al. (1978) for thick layers up to 4 mm. In 
our study the two polyurethane coatings tested were superior to the two epoxy paints. 
Application of two layers of paint to all sides of the test wall resulted in reduction factors 
of 0.3-0.4 and 0.7 for polyurethane and epoxy-based coatings, respectively.  
 Model calculations indicate that if the coatings had been applied to one side of the 
construction only, the reduction might have been higher due to the diminished build-up of 
222Rn gas within the material. As shown in the Figures 4.2 and 4.3 this effect depends on 
both the 222Rn diffusion length of the building element and its thickness; the lower the 
diffusion length and the thicker the construction, the more the exhalation rates from the 
bare and coated side will resemble. The largest effect, therefore, can be expected if the 
coating is applied to one side of a wall made of sand-lime, gypsum, aerated concrete or 
clay brick for which diffusion lengths are reported of 40 cm or more (Keller et al., 2001). 
Assuming a thickness of 10 cm, this would result in a reduction factor of less than 0.05 if 
two layers of the tested polyurethane or epoxy paints had been applied (Figure 4.2). It is 
obvious that the 222Rn exhalation rate from the unpainted area will, however, be increased, 
as has already been observed by Abu-Jarad and Fremlin (1983). From the model 
approximation it is calculated that for a totally impervious coating the area exhalation rate 
of the unpainted side will increase by a factor 1.97 (L = 0.05 m; l = 0.40 m), which is 
slightly lower than 2 due to the enlarged mean path length of the emanated 222Rn atoms.  
 For concrete lower diffusion lengths are reported, ranging from 6 cm for heavy 
concretes to 30 cm for lightweight species (Kovler et al., 2004). The thickness of concrete 
construction elements in residences varies from about 10 cm (inner leaf) to 20-25 cm for 
floors, ceilings and dwelling-separating walls. If a typical diffusion length of 10 cm is 
adopted, it can be concluded from Figure 4.2 that for a 10 cm-thick construction element 
the reduction factor for a polyurethane coating reduces from 0.3 to 0.1. For concrete 
construction elements with a thickness of 20 cm or more, the effect of the 222Rn release in 
the situation in which the coating is applied to only one side is negligible (Figure 4.3).   
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In the Netherlands acrylate dispersion paints are the most commonly applied paints for 
decoration of walls and ceilings, such as ceiling relief paints, rawl-facer paints, wall paints 
and cement paints. As found in this study, no reducing effect of these paints on the 222Rn 
entry rate can be expected in practice. Nevertheless, some other sealants have proved to be 
much more effective and this technique provides a relatively inexpensive method for 
controlling the 222Rn emissions from walls and floors in existing homes. However, it 
should be borne in mind that any cracks that may develop later in the paint lead to leaks 
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4.2 
Exhalation rate and the role of concrete composition and 
production17 
4.2.1 Introduction  
222Rn in the home is the main source of exposure to ionizing radiation. 222Rn concen-
trations vary considerably and depend mainly on the influx from soil and building 
materials. In the Dutch Building Decree (DB, 1991) the pressure-driven airflow from crawl 
space into the dwelling is limited to 2 x 10-5 m3 (m2 s)-1. Together with the relatively low 
crawl space concentrations in the Netherlands this results in a more prominent role for the 
building materials as a 222Rn source. Among the building materials, concrete generally 
accounts for the highest contribution to indoor 222Rn (Folkerts et al., 1984; Poffijn et al., 
1984; Vaas et al., 1993). The large number of variables of this material can be altered over 
fairly wide ranges. Some of these variables are related to the manner of production, others 
to the composition of the concrete products. Both classes of variables are known to affect 
the capillary pores, the residue of the water-filled spaces in the fresh paste. These capillary 
pores form an extensive, interconnected network of voids, responsible for the permeability 
of the concrete and the exchange of water and gases (Reinhardt, 1985). 
 The coherence of structural changes in concrete and the 222Rn emanation process, 
however, is presently not fully understood and so far only limited attention has been given 
to this subject. Some authors studied the influence of raising the water-cement ratio, 
known to provide an increase of the capillary pore volume (Reinhardt, 1985). Progressive 
hydration and carbonation are also known to affect the microstructure and hence the pore 
volume of concrete over time. Some studies established an effect of the ageing on the 
222Rn exhalation rate (Roelofs and Scholten, 1994; Yu et al., 1995); however, no relation 
with the physical characteristics of the mortar structure was determined.  
 In this section the 222Rn exhalation rate was determined as a function of the amount and 
type of cement, the water-cement ratio, curing time, type of aggregates, and compressive 
strength. And since earlier studies (Stranden et al., 1984; section 2.1) showed that the 
moisture content of the concrete samples strongly influences the exhalation rate, the 
evaporation rate during conditioning was determined as an additional variable. The results 
are interpreted in view of the capillary pore volume and pore size of the concrete samples. 
                                                          
17  This chapter is based on a presentation at the International Symposium on the Natural Radiation 
Environment (NRE VI), June 5-9, 1995, Montreal, Canada and published in Environment 
International 22(Suppl.1):S287-S293 (1996), entitled The effect of the composition and production 
process of concrete on the 222Rn exhalation rate. Authors: P. de Jong, W. van Dijk, J.G.A. van 
Hulst and R.J.J. van Heijningen. 
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4.2.2 Methods and materials 
Composition, preparation, and conditioning of test samples  
In the first set of samples, three types of cement (blast furnace, Portland, and Portland/fly 
ash cement) are applied in amounts of 280 kg/m3, 315 kg/m3, and 350 kg/m3 each. The 
water-cement ratio was 0.53, a normal value for the in situ production of concrete walls 
and floors. The prefab industry frequently uses mixtures which are lower in water-cement 
ratio (0.40). To allow a comparison between in situ and prefabricated concretes, some 
additional mixtures using Portland and Portland/fly ash cement are prepared.  
 In the next set of samples, two production parameters are varied because of their 
supposed influence on the exhalation rate, namely the water-cement ratio and the curing 
time the samples are kept in plastic foil. In most cases, river gravel of Dutch origin 
(Panheel) is used. Since the supply of this material is expected to become more 
problematic in near future, alternative aggregates are incorporated into this study. They are 
limestone (origin Meuse valley, Belgium), granulates derived from recycled masonry 
(35%) and concrete (65%) (Dutch origin), and sea gravel (Humber, England).  
 The concrete mixtures are prepared in an amount of about 150 kg according to the 
compositions listed in Table 4.2. All ingredients are obtained from local manufacturers or 
importers. After intensive mixing of the ingredients, the concrete is poured into plywood 
moulds, sized 45 x 50 x 10 cm3, and condensed using a 40 mm vibrating needle. After 1 d, 
the samples were demoulded and allowed to cure for 2 months in indoor conditions (18-
25°C, RH 45-55%). After demoulding, some samples (indicated in Table 4.2) were kept in 
plastic foil for 3 and 28 d, respectively. At the end of the 2-month period, all samples were 
transferred to a conditioning room, set to 20°C and 50% RH. During a conditioning period 
of 6 months, the weight of the samples was repeatedly determined to follow the loss of 
water. Together with the above-mentioned concrete slabs, test cubes sized 15 × 15 × 15 
cm3 were prepared for determination of the compressive strength and the density. 
 
Determination of the 222Rn exhalation rate 
The free exhalation rate of each individual sample was measured according to the method 
presented in section 2.1. During the study, the correct operation of the absorption and 
counting equipment was checked using a phosphogypsum laboratory standard test block. 
 
Determination of the radioactivity concentration 
After the determination of the exhalation rate, about 10 kg of each sample is crushed to a 
particle size of less than 0.5 cm. One litre of this material is enclosed in an airtight bottle 
for at least three weeks and analysed by gamma-ray spectrometry according to method I 
described in section 3.2. 
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Table 4.2  













1 280 (BF) 1250 (river gravel) 700 150 0 
2 315 (BF) 1200 (river gravel) 670 170 0 
3 350 (BF) 1150 (river gravel) 650 190 0 
4 280 (P) 1260 (river gravel) 710 150 0 
5 315 (P) 1210 (river gravel) 680 170 0 
6 350 (P) 1160 (river gravel) 650 190 0 
7 280 (PF) 1250 (river gravel) 700 150 0 
8 315 (PF) 1200 (river gravel) 670 170 0 
9 350 (PF) 1140 (river gravel) 640 190 0 
10 280 (P) 1320 (river gravel) 740 110 0 
11 280 (PF) 1310 (river gravel) 740 110 0 
12 315 (BF)  1270 (river gravel) 710 130 3 
13 315 (BF) 1200 (river gravel) 670 170 3 
14 315 (BF) 1130 (river gravel) 640 200 3 
15 315 (BF)  1200 (river gravel) 670 170 28 
16 315 (BF) 1280 (limestone) 670 170 3 
17 315 (BF)   990 (granulates) 670 170 3 
18 315 (BF) 1200 (sea gravel) 670 170 3 
a BF: Blast furnace cement, type A 
 P: Portland cement, type B 
 PF: Portland/fly ash cement, type A 
 
Other determinations 
The density and compressive strength were determined 28 d after preparation. The ema-
nating power was calculated from the measuring results according to the following 






  ,     (4.12) 
where E is the free area exhalation rate (Bq m-2 h-1); L the thickness of the test wall (0.1 
m); ρ the density (kg m-3); λ the decay constant of 222Rn (h-1); and a1 the 226Ra content of 
the material (Bq kg-1). 
 
4.2.3 Results 
The influence of the drying process on the area exhalation rate was followed for one 
sample, the sample coded 2. The results (Table 4.3) showed no significant trend over time 
(Spearman rank test, p > 0.05 two sided). On the basis of this observation, the other 
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Curing time Exhalation rate 
(d) (Bq/m2 h)a 
88 3.7 ± 0.2 
134 4.2 ± 0.3 
157 4.0 ± 0.3 
190 3.6 ± 0.2 
217 3.8 ± 0.3 
  
Average ± SD 3.9 ± 0.3 
a   Mean ± SD (n = 3 determinations) 
concrete samples were analysed for the exhalation rate starting on day 190 and ending on 
day 217 after preparation. The results are presented in Table 4.4 as the average value and 
standard deviation of three determinations. The determined exhalation rates vary between 
2 and 6 Bq (m2 h)-1 and are in the normal range (Ingersoll, 1983; UNSCEAR, 1988). As 
indicated above, the sample coded 2 was analysed on several days. For correct comparison 
with the other results, the exhalation rate of this sample was taken as the mean value of the 
last two measuring days from Table 4.3.  
 
Table 4.3 
222Rn exhalation rates of sample 2 as 









During the study, a phosphogypsum laboratory standard test block was analysed on four 
different days and showed an average exhalation rate of 5.2 ± 0.2 Bq m-2 h-1 (n=4 days). 
This is in good agreement with earlier observations, using the same test sample (i.e. 5.1 ± 
0.2 Bq m-2 h-1 (n=17 days, spread over a period of 7 y). Obviously, the analytical procedure 
does not demonstrate any significant trend over time. 
 Table 4.4 also includes the results of the 226Ra analysis, the compressive strength, and 
the calculated emanating power. The 226Ra concentrations are in the same range as 
reported earlier (Ackers et al., 1985; section 2.1) and the compressive strengths also show 
expected values. Only sample 3 has a relatively low value. In general, the results of the 
emanating power are at higher levels as reported by UNSCEAR (1988). This will be 
discussed in the next section. The density of the samples varied only slightly, ranging from 
2320 kg/m3 to 2430 kg/m3, so this parameter was not included. The only exception was 
sample 17, with a density of 2160 kg/m3 due to the low density of the granulates.  
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Table 4.4  
Results of measurements. 


















Amount/type of cement      
1 280 Blast furnace 39.3 ± 1.3 6.9 3.9 ± 0.4 22 ± 3 20 ± 2 
2 315 Blast furnace 44.6 ± 0.8 7.2 3.7 ± 0.2 20 ± 2 21 ± 2 
3 350 Blast furnace 25.1 ± 0.8 12.2 6.3 ± 0.4 37 ± 4 20 ± 2 
4 280 Portland 49.4 ± 1.1 7.3 3.9 ± 0.3 45 ± 7 10 ± 2 
5 315 Portland 49.3 ± 1.0 7.8 4.5 ± 0.3 58 ± 9 9 ± 2 
6 350 Portland 44.7 ± 0.2 9.0 4.6 ± 0.2 48 ± 6 11 ± 2 
7 280 Portland fly ash 41.2 ± 2.0 7.6 4.2 ± 0.3 41 ± 6 12 ± 2 
8 315 Portland fly ash 43.6 ± 1.5 8.8 4.7 ± 0.2 46 ± 6 11 ± 2 
9 350 Portland fly ash 41.0 ± 1.0 9.4 5.4 ± 0.4 51 ± 7 12 ± 2 
Pre-fab concretes      
10 0.40 Portland 56.3 ± 2.7 6.9 3.5 ± 0.3 42 ± 7 9 ± 2 
11 0.40 Portland fly ash 52.1 ± 2.0 5.7 3.9 ± 0.4 33 ± 5 13 ± 2 
Water-cement ratio      
12 0.40 Blast furnace 46.4 ± 4.4 4.5 2.3 ± 0.1 10 ± 1 26 ± 2 
13 0.53 Blast furnace 41.2 ± 1.3 6.6 3.3 ± 0.2 18 ± 1 21 ± 2 
14 0.65 Blast furnace 25.7 ± 2.6 8.3 5.5 ± 0.3 24 ± 3 26 ± 2 
Time in plastic      
2 0 days 44.6 ± 0.8 7.2 3.7 ± 0.2 20 ± 2 21 ± 2 
13 3 days 41.2 ± 1.3 6.6 3.3 ± 0.2 18 ± 1 21 ± 2 
15 28 days 42.8 ± 1.4 6.8 3.2 ± 0.2 17 ± 2 21 ± 2 
Aggregates      
13 Meuse gravel 41.2 ± 1.3 6.6 3.3 ± 0.2 18 ± 1 21 ± 2 
16 Limestone 49.7 ± 0.3 5.0 3.1 ± 0.2 9 ± 1 39 ± 2 
17 Granulates 39.4 ± 3.1 11.2 4.8 ± 0.2 22 ± 2 26 ± 2 
18 Sea-gravel 45.8 ± 2.4 7.6 3.2 ± 0.3 21 ± 3 17 ± 2 
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In Figure 4.4 the results of the emanating power are plotted against the loss of water after 
the six months of conditioned curing at 20°C, 50% RH. Figure 4.5 and 4.6 graphically 
present the relations between the emanating power and both the water-cement ratio and 
compressive strength, respectively. 
 
Figure 4.4 
Emanating power as a function of the 
loss of water after six months of 
conditioning at 20°C, 50% RH. Line 
for blast furnace cement fitted using 
method of least squares. The corre-
lation coefficient equals 0.89. Other 







Emanating power as a function of 
water-cement ratio (blast furnace 
cemented samples only). Line fitted 
using method of least squares. The 










Emanating power as a function of 
compressive strength (samples 
prepared with blast furnace cement). 
Line fitted using method of least 
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4.2.4 Discussion 
If the results of samples of similar composition (Table 4.5) are compared with the results 
of concrete samples of an earlier study (section 2.1), it strikes that (1) the 226Ra 
concentrations agree well for all three samples; (2) the same applies for the area exhalation 
rate and emanating power of the blast furnace slag sample; and (3) the samples containing 
Portland or Portland/fly ash cement differ by about a factor of 2 in exhalation rate and 
emanating power.  
 
Table 4.5  
Comparison with earlier results. 
Type of cement/reference Exhalation rate 





Blast furnace slag cement    
Section 2.1 3.7 ± 0.3 26 ± 3 16 ± 2 
Sample 2 (this study) 3.7 ± 0.2 20 ± 2 21 ± 2 
Portland cement    
Section 2.1 2.2 ± 0.3 26 ± 9 10 ± 1 
Sample 5 (this study) 4.5 ± 0.3 58 ± 9   9 ± 2 
Portland fly ash cement    
Section 2.1 2.4 ± 0.1 21 ± 2 13 ± 2 
Sample 8 (this study) 4.7 ± 0.2 46 ± 6 11 ± 2 
 
Although there are some differences in sample composition and curing conditions, this can 
hardly explain differences of this order of magnitude. Also, a bias introduced by the 
analytical procedure can be excluded since its reproducibility has been found to be better 
than 5% (see section 4.2.3). A plausible explanation for the observed differences is found 
in the age of the test samples at the time of measurement. The present samples were cured 
for only 6-7 months, while in the earlier study mentioned above, the samples were about 4 
y of age. From the results presented by Roelofs and Scholten (1994), comparable ratios 
concerning the 222Rn exhalation rates at different time intervals after preparation can be 
deduced for both blast furnace and Portland based concretes.  
 Figure 4.4 shows the results of the emanating power as a function of the loss of water 
after the six months of conditioned curing. For the concrete slabs prepared with blast 
furnace cement, a clear relation is present between both parameters. Although there were 
only four test samples for Portland and Portland/fly ash cement, the same picture holds for 
these types of cement. The coherence between the two parameters indicates that, with an 
increase of the evaporation rate, more internal emanating pore surface will become 
available, allowing more 222Rn to escape from the interior of the walls. The effect of the 
cement type is clearly demonstrated. Given a certain loss of water, concretes fabricated 
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with blast furnace cement show the lowest emanating power. Since this type of cement has 
smaller capillary pores in comparison with concretes based on Portland cement (Reinhardt, 
1985), it is assumed that this relates to the lower probability of an emanated 222Rn atom to 
be stopped within the pore volume. The intermediate position of the concretes prepared 
using Portland/fly ash cement can be explained by the condensing, choking effect of fly 
ash, which results in reduced pore sizes, as reported by Neville (1978).  
 In the first set of samples (samples 1 - 9), the amount of cement is raised in successive 
steps from 280 kg/m3 to 350 kg/m3. Because the water-cement ratio was maintained at a 
value of 0.53 within this series, the amount of free water (water not used for the chemical 
binding process) is somewhat larger as more cement is applied. As a result, the capillary 
pore volume in the cement paste increases with higher levels of cement, and consequently 
the 222Rn exhalation increases. Taking the error margins into account, the measuring data 
support the above hypothesis for all three types of cement (Table 4.4). 
 The water-cement ratio was varied from 0.40 - 0.65 in three slabs, using a fixed 
amount of blast furnace slag cement of 315 kg/m3 (samples 12 - 14). Raising the water-
cement ratio also provides an increase of the capillary pore volume (Reinhardt, 1985) and 
consequently of the liberated amount of 222Rn. A linear relation is obtained when the 
emanating power is plotted against the water-cement ratio (see Figure 4.5), which is in 
agreement with results reported by Kunsch and Hartl (1989). Rogers et al. (1994) indicated 
that the pore diffusion coefficient also increases with the water-cement ratio. Since in this 
study, the test slabs had a limited thickness (diffusion distance 0.05 m at the most), the 
influence on the emanating power is negligible. However, in the case of thicker samples, 
this parameter has an additional retarding effect on the 222Rn exhalation. Another indicator 
for the capillary pore volume of concrete samples is the compressive strength (Reinhardt, 
1985). Figure 4.6 shows that the emanating power decreases linearly with the compressive 
strength, confirming that the coherence within the cement paste decreases in favour of the 
emanating internal surfaces. Note the agreement between the Figures 4.4 and 4.6. 
 Two additional mixtures, which are frequently used in the prefab industry, were 
prepared (codes 10 and 11). In general, these mixtures are low in water-cement ratio as 
well as in the amount of cement. As discussed above, this will limit the 222Rn exhalation 
rate in two ways. The results in Table 4.4 show that these samples indeed have lower 
exhalation rates and emanating powers compared to samples 5 and 8, respectively.  
 Curing under plastic foils for three days is one of the procedures recommended in the 
Dutch Regulations for concrete construction (NEN, 1989). It results in a higher com-
pressive strength in combination with a closer surface structure. From this point of view, 
reduced 222Rn exhalation was expected and three samples of the same composition were 
kept in plastic for periods of 0, 3, and 28 d, respectively. Although there is a tendency of 
the exhalation rate to be lower with progressive curing (Table 4.4, samples 2, 13, 15), only 
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the decrease between 0 and 3 d is significant from zero (Student t, p < 0.01). A greater 
effect is expected at lower water-cement ratios. 
 The last series of observations concern the type of aggregates in the concrete samples. 
As indicated in section 4.2.2, some alternatives for river gravel were incorporated into this 
study to see whether or not comparable exhalation rates could be obtained. The results in 
Table 4.4 (samples 13, 16-18) show that replacement of river gravel by limestone or sea-
gravel actually results in the same 222Rn exhalation rate. However, the sample concreted 
with recycled masonry and concrete granulates (sample 17) shows an increased rate, 
probably due to its high porosity. Although this material is an attractive alternative from an 
environmental point of view (recycling), more research into its applicability in residential 
concrete is necessary.  
 
4.2.5 Conclusion 
The measured differences in both exhalation rate and emanating power can mainly be 
attributed to the capillary pore volume of the concreted mixtures. Higher 222Rn releases are 
associated with larger water-cement ratios, larger amounts of cement and Portland cement 
as binder. The compressive strength seems be a good indicator for the anticipated 222Rn 
releases. 
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4.3 
Influence of the porosity on the 222Rn exhalation rate18  
4.3.1 Introduction 
In the Netherlands building materials on average account for 70% of the indoor radon 
(222Rn) concentration (Stoop et al., 1998). Concrete is found to be a major contributor, 
mainly due to its large market share. There are, however, various kinds of concrete 
compositions applied in the construction of houses. Changes in the concrete composition 
affect both the porosity and the 226Ra activity concentration of the construction material 
and with that the release of 222Rn. The 226Ra activity concentration is proportional to the 
amount of 222Rn gas produced within the material. The fraction of 222Rn that is released 
into the living environment is defined by three separate steps: (1) the escape of 222Rn atoms 
from the mineral matrix into the pore space, known as emanation; (2) the subsequent 
diffusion of these atoms from the site of generation through the air-filled pore system to 
the outer surface of the building material; and (3) the release of 222Rn from the building 
material, called exhalation. In 222Rn transport models, the diffusion in building parts is 
often described as a one-dimensional process, i.e. directed to the living space and its 
opposite site (Jonassen and McLaughlin, 1980; Berkvens et al., 1988; see also section 1.2). 
In such a situation the exhalation rate can be described by the following expression (De 
Jong and Van Dijk, 2008): 







    (4.13) 
In this equation E is the 222Rn exhalation rate in Bq (kg s)-1 for a one-dimensional 
approach; λ is the decay constant of 222Rn (s-1); a is the activity concentration of 226Ra 
(Bq kg-1); η is the emanation factor, the fraction of the produced 222Rn atoms that reaches 
the pores (dimensionless); l the diffusion length of 222Rn (m); L half of the thickness of the 
considered building part (m); and D the pore diffusion coefficient (m2 s-1). The 
combination of the first three variables in eq. (4.13) refer to the emanation of the 222Rn 
atoms (step 1), the others to the diffusive transport to the exterior of the building part (step 
2). The porosity of a building material influences both the emanation coefficient and the 
pore diffusion coefficient and therefore affects both steps in the exhalation of 222Rn. 
                                                          
18 This chapter is based on a paper submitted for publication to Health Physics, entitled Influence of 
the porosity on the 222Rn exhalation rate from concrete. Authors P. de Jong, W. van Dijk and M. 
de Rooij. 
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Various studies have investigated the parameters that influence the exhalation rates of 
concretes. It is found that the presence of water in the pores increases the probability that a 
recoiled 222Rn atom is stopped in the pore structure instead of crossing the pore and being 
embedded in an adjacent grain. Also a water film in the pores will hinder the adsorption of 
222Rn to internal solid surfaces (Stranden et al., 1984). Furthermore, the diffusion 
coefficient of 222Rn gradually decreases as a function of the pore water content. At high 
water content more and more pores are filled by water, thereby effectively blocking the 
transport of 222Rn.  
 The pores in concrete can be divided into gel pores and capillary pores. Through a 
drying experiment on mortar Valckenborg et al. (2001) have demonstrated that the gel 
pores remain water-filled under normal practical conditions. For this reason, as described 
above, this fraction of the porosity does not play a significant role in the exhalation of 
222Rn. The other part of the concrete porosity is taken by the capillary pores, which really 
can dry out in practice. These pores are the remnants of the water-filled space in the fresh 
paste, which are responsible for the transport of water and gases. Raising the water-to-
cement ratio (w/c ratio) in the fresh paste is known to increase the capillary pore volume. 
However, contradictory results have been published on the effect of this parameter on the 
222Rn exhalation rate, showing either no relation (Ulbak et al., 1984), an (almost) linear 
increase (Kunsch and Hartl, 1989; section 4.2) or both an increase and decrease, depending 
on the ratio (Kovler et al., 2005). In the present study the effect of changing the w/c ratio 
of the mixtures is verified. 
 Besides the w/c ratio other important variables that can influence the porosity of 
concrete are the amount of cement, amount and type of aggregate materials and the 
addition of other substances to the base mixture, such as fly ash and silica fume (mineral 
admixtures) or air entrainers (chemical admixtures). For example, partial substitution of 
Portland cement by other pozzolanic material reduces the porosity of both matrix and the 
aggregate-paste transition zone. A retarding effect on the 222Rn exhalation rate is 
demonstrated among others for silica fume (Yu et al., 2000), metakaolin (Lau et al., 2003), 
fly ash (Stranden, 1983; Ulbak et al., 1984; Kovler et al., 2005; section 4.2) and ground 
blast furnace slag (section 4.2).  
 In this section the porosity of concrete test specimen was varied in five separate series 
consisting of a total of 23 mixtures by changing type and amount of cement, the amount of 
water at a fixed cement level, addition of an air entrainer and by variation of the amount of 
recycled aggregates. The aim of this study was to investigate the influence of the induced 
porosities on the exhalation rates of the mixtures per series and to find common parameters 
that describe the observed effects for the total set of test specimen.  
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4.3.2 Methods and materials 
Test series and concrete mixtures 
The 23 mixtures are subdivided into five series. Each series focussed on the variation of 
one parameter to obtain a range in concrete porosities within that series: 
 In series one (I) the amount of Portland cement (CEM I 32,5R‡) is used as the key 
parameter to change the porosity of the mixtures. More cement is known to result in a 
denser, less porous concrete. 
 In series two (II) the compositions of series I are repeated, but with a different type of 
cement. In this series the content of blast furnace slag cement (CEM III/B 42,5) in the 
mixture is varied. Concretes manufactured with this type of cement are noted for their 
lower porosity as compared with corresponding mixtures with Portland cement. 
 In series three (III) the amount of water in the fresh paste is increased in successive 
steps at a fixed amount of Portland cement, thus varying the w/c ratio. Although not 
all the prepared mixtures are common practice in concrete manufacturing, these 
mixtures are included in this study to enlarge the porosity of the matrix.  
 In series four (IV) a few mixtures have been made to look at the influence of air 
content. Hereto an air-entraining agent (type AEA 3, manufacturer Tillman B.V., The 
Netherlands) is added to the mixtures. Air entrainers stabilize small air bubbles, sized 
0.01 to 1.0 mm (Aligizaki, 2006) that remain intact during compaction and hardening. 
Air entraining agents are applied in practice to improve the freeze-thaw characteristics 
and the workability of concrete.  
 The last (V) series comprises of mixtures in which the volume of coarse aggregates 
(Meuse gravel) is replaced in successive steps (0, 20, 50, 80, 100% v/v) by recycled 
aggregates. The total volume of aggregates in this series is kept at a constant value. 
The recycled aggregates consist of 40% recycled masonry and 60% recycled concrete 
(density 2160 kg m-3) and are more porous than the gravel aggregates (2650 kg m-3). 
Before mixing in, the recycled aggregates are fully saturated with water. Therefore, 
increasing the amount of recycled aggregates results in the addition of more water. 
However, this extra water has no influence on the composition of the cement paste 
matrix and the w/c ratio of all mixtures in this series is 0.52. 
 
To obtain the variation in the five series, 23 concrete mixtures have been prepared by 
KEMA (Arnhem, The Netherlands), specialized in the preparation of research-related test 
specimen. For all mixtures the same Portland cement is used with the exception of series II 
                                                          
‡  Specification of the cements follows the system as given in the European standard NEN-
EN 197-1 (NEN 2000). 
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(blast furnace slag cement). For mixtures high in cement content a superplasticizer (Cugla 
80/20, manufacturer Cugla B.V., The Netherlands) is mixed in with the fresh paste. 
Addition of plasticizer has no influence on the porosity but is applied to enhance the 
workability of the concrete mixture in question. For all mixtures the same river sand and 
river gravel is taken. The particle size distribution of the applied sand is 2-4 mm (11%), 1-
2 mm (15%), 0.5-1 mm (29%), 0.2-0.5 mm (32%) and 0.1-0.3 mm (13%); that of the 
gravel 16-24 mm (26%), 8-16 mm (48%) and 4-8 mm (26%). Details on the compositions 
of the mixtures are given in Table 4.6. 
 
Table 4.6 
Composition of the concrete mixtures in kg m-3. 
Sample Cement Watera Gravel Recycled Sand Admix- 
ID Portland Blast 
furnace 
  granulatesb  tures 
1 550  127 1131 692 8.8c 
2 450  137 1171 718 4.5c 
3 350  148 1212 742 1.8c 
4 315  166 1202 737  
5 280  176 1205 739  
6 200  174 1249 767  
7  550 143 1085 665 8.8c 
8  450 145 1142 700 5.3c 
9  350 145 1201 736 2.5c 
10  315 165 1193 730  
11  280 175 1194 732  
12  200 174 1243 760  
13 315  90 1321 809 5.0c 
14 315  103 1299 798 4.7c 
15 315  134 1252 767 1.6c 
16 315  196 1151 705  
17 315  165 1202 736 0.94d 
18 315  165 1201 735 1.9d 
19 350  182 1157 0 709  
20 350  193 926 189 709  
21 350  210 578 472 709  
22 350  227 231 754 709  
23 350  238 0 943 709  
a   Includes water in sand and recycled aggregates. c   Superplasticizer CUGLA 80/20. 
b   40% masonry and 60% concrete.   d   Air entrainer Tilman AEA3. 
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From each concrete mixture six cubes, sized 15x15x15 cm3, have been prepared and, as 
outlined in the European standard NEN-EN 206-1 (NEN, 2001c) demolded after three 
days and placed under water for 25 days for subsequent curing. Next, from the six cubes, 
one cube is used for a standard 28-day compressive strength test. This test is incorporated 
in the study to verify the integrity of the manufactured test cubes. One other cube is used 
for the determination of the activity concentrations; the remaining four cubes are used first 
to determine the release of water and next the 222Rn exhalation rate. 
 
Water release and porosity 
As mentioned in the introduction the presence of water in the pores strongly influences the 
222Rn exhalation rate. This clearly demonstrates the necessity to condition test specimen 
with respect to humidity prior to exhalation measurement (section 2.1). In this study the 
following conditioning has been used. Directly after the period under water, the four cubes 
for the determination of the 222Rn exhalation rate are placed in a climate controlled test 
chamber at a temperature of 20 ± 2 °C and a relative humidity of 50 ± 5 %. The cubes are 
weighed together at regular intervals to follow the drying process with time. When the 
decline in moisture content is less than 0.07% (w/w) in 7 days, the cubes are considered to 
be in equilibrium with their environment and ready for analysis (NEN, 2001b).  
 Furthermore, the drying data of these cubes are used for the calculation of the porosity 
of the concrete mixtures. Per concrete mixture the data can be described with the following 
equation: 
  ).exp()( inf ktWWtW c       (4.14) 
In this equation W(t) is the released amount of water (in kg) of the four test cubes together 
as a function of the conditioning time; Winf is the released amount of water at t=∞ (kg); 
Winf - Wc the released amount of water at t=0 (kg); k is a rate constant (d-1); and t is the 
conditioning time (d), taking the start of the conditioning as t=0. Using the method of least 
squares the parameters Winf,  Wc and k are calculated for each concrete mixture. The fitting 
procedure did not use the first 3 days of drying data as the specimen lost relatively large 
amounts of water during these days. Therefore eq. (4.14) provides an accurate fit starting at 
day 3. Fig. 4.7 shows the results of some mixtures together with the fitted correlations. 
 Since the cubes are fully saturated at the moment they are taken out of the water bath, 
the porosity of each mixture can be calculated from the total released amount of water, i.e. 
Winf from eq. (4.14); subsequent division by the density of water results in the total volume 
of the pores. It has been shown that only the capillary pores dry out, while the smaller gel 
pores remain water-filled. The porosity calculated in this way (eq. (4.15)) therefore reflects 
that of the capillary pores: 
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Figure 4.7 
Loss of water of the mixtures as a 
function of the conditioning time. 
Each sample consists of four test 
cubes. The symbols indicate the 
measured values, the solid lines are 
the results according to eq. (4.14) for 
the samples coded 27, 20, 4, 19 and 2 














inf .      (4.15) 
In this equation εP represents the capillary porosity; VP the volume of the capillary pores 
(m3); VT the total volume of the four test cubes (0.0135 m3); and ρW the density of water 
(kg m-3).  
 For the mixtures including an air entrainer (i.e. mixture coded 17 and 18 from series 
IV), this calculation results in too low values since the induced voids are largely air-filled 
all the time. Since the compositions of these mixtures are identical to that of mixture 4 
(with the exception of the air entraining agent), the differences in densities have been used 
to determine the volume of the extra voids. The air bubbles porosity (εA) is calculated 

















V  ,   (4.16) 
with VA the volume of the entrained air bubbles (m3); VT the total volume of the four test 
cubes (0.0135 m3); Minf,4 and ρinf,4 the mass of the four test cubes (kg) and density (kg m-3) 
of mixture 4 at t=∞, respectively; Minf,x and ρinf,x are the same for mixture 17 or 18. The 
total porosity of mixture 17 and 18 is then equal to the sum of εP as calculated for mixture 
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Natural radioactivity concentrations  
The natural radioactivity concentrations are determined by gamma-ray spectrometry 
according to the Dutch standard NEN 5697 (NEN, 2001a; section 3.1). The natural radio-
activity levels of the base materials are determined in the same way as described above, 
except that these were not ground. The 226Ra levels of these materials are presented in 
Table 4.7. 
Table 4.7 
226Ra activity concentration of the base materials and 
standard deviation due to counting statistics in Bq kg-1. 
   Component Mean ± SD 
   Portland cement (CEM I 32.5R) 54 ± 2 
   Blast furnace slag cement (CEM III 42.5) 139 ± 2 
   Sand  5.4 ± 0.9 
   River gravel 2.4 ± 0.6 
   Recycled granulates 20.6 ± 1.2 
 
Radon exhalation 
The 222Rn exhalation rate is determined according to the standard method NEN 5699 
(NEN, 2001b; section 2.2).  
 
Radon release factor 
 A side effect of the different compositions of the various concrete mixtures is that the 
226Ra activity concentrations vary considerably, which in itself can influence the 222Rn 
exhalation rate. To compensate for this effect, the exhalation rates are normalized to the 
measured 226Ra activity concentrations. Therefore a radon release factor is defined as the 
ratio between the amount of 222Rn released per unit of time to the environment and that 




F mRn  ,      (4.17) 
in which FRn is the 222Rn release factor (%); E is the measured 222Rn exhalation rate in 
Bq (kg s)-1; λ is the decay constant of 222Rn (s-1); and a is the activity concentration of 
226Ra (Bq kg-1). The release factor is calculated according to this equation, taking the 226Ra 
radioactivity concentration as found by gamma-ray spectrometry for the broken concrete 
cube.  
 A disadvantage of eq. (4.17) is that it applies to the concrete mixture as a whole, 
ignoring the origin of 226Ra. For a correct interpretation of the exhalation results it is 
therefore necessary to extend this equation to the component level; if the measured 222Rn 
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exhalation rate is split up into a contribution of each of the components mentioned in Table 
4.7, eq. (4.17) can be rewritten as: 














 .    (4.18) 
In this equation the variables have the same meaning as in eq. (4.17) and in addition: n is 
the number of components from which the mixture is made up; E,i the 222Rn exhalation rate 
in Bq (kg s)-1 due to component i; ai the activity concentration of 226Ra of component i 
(Bq per kg concrete); and FRn,i the 222Rn release factor of component i (%). The ratio of ai 
over a in the conditioned concrete mixtures is assumed to be the same as in the fresh paste 
and is calculated for each mixture from the values presented in Table 4.6 and 4.7 
 The release of 222Rn from both sand and river gravel is thought to be negligible in 
comparison with that of the cements because of the much larger particle sizes of these 
aggregates. Furthermore most 226Ra originates from the cements (Table 4.7). Kovler and 
co-workers (2005) also pointed to the crucial role of cement in the exhalation. If the 222Rn 
release of sand and gravel in series I to IV is neglected, FRn,cement follows directly from eq. 
(4.18). This release factor represents what part of the 226Ra activity of the cement results in 
an actual release of 222Rn. In the result section it will be demonstrated that the main role of 
cement also holds for the concrete mixtures with the recycled aggregates, i.e. the mixtures 
coded 20 to 23 from series V. 
 
Radon emanation factor 
 In the introduction the 222Rn emanation factor is put forward; it reflects the part of the 
produced 222Rn that reaches the pores. This mixture-related factor is an important physical 
quantity in the line of events leading to the exhalation of 222Rn from building materials. In 
this study the 222Rn release factor is calculated from the measured exhalation rate. In this 
section we ascertain to what extend the release factor is equivalent to the emanation factor. 
For one-dimensional exhalation, the relation between the radon release factor and the 
emanation factor can be found by combining eq. (4.13) and eq. (4.17): 
   lL
L
lFRn tanh1,  .      (4.19) 
In this equation FRn,1 is the 222Rn release factor for a one-dimensional approach (%); η is 
the emanation factor (%); l is the diffusion length of 222Rn (m); and L is half of the 
thickness of the considered wall or floor (m). The average path length of a radon atom to 
reach the exterior of the construction part in this situation is L/2. The test cubes in this 
study, however, exhale from all sides and therefore will show higher exhalation rates. The 
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extent of the increase depends on the value of the diffusion length. The test cubes in this 
study with an edge of 2L can be considered to be made up of six identical pyramids with 
height L and their apex located in the centre of the cube. For such a pyramid the set of 
points having the same distance x to the base (i.e. the exterior of the cube), can be 
described as 4(L-x)2. The average distance that radon atoms have to bridge to reach the 
outside of the test cube can therefore be described as: 










2)(4 ,  (4.20) 
in which N is a normalizing factor equal to the volume of the considered pyramid. Solving 
these equations leads to an average distance of L/4, twice as low as for a corresponding 
wall or floor with thickness 2L. Thus, provided that the parameter L is bisected (i.e. taken 
as 0.0375 m), the relation between the 222Rn release factor, FRn, as calculated from the 
measuring results (eq. (4.17)) and the emanation factor can be described as in eq. (4.19).  
 As reported by Kovler and co-workers (2004) the literature data on the diffusion length 
range from about 0.06 m for heavy concretes to 0.30 m for lightweight species. In Fig. 4.8 
the ratio between FRn and η for the test cubes is plotted against this range of diffusion 
lengths. From this figure it can be concluded that the 222Rn release factor reflects the 
emanation factor very well with an underestimation of 10% at most. Therefore the 
differences in 222Rn release factors as determined in this study have to be attributed to 
variations in the emanation factors of the concrete mixtures.  
 
Figure 4.8 
Equivalence of the 222Rn release 
factor and emanation factor as a 
function of the diffusion length for the 
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4.3.3 Results and discussion 
The results of the measurements and calculations are summarized in Table 4.8. The 
measured 222Rn exhalation rates vary between 3.7 and 13 μBq (kg s)-1, which is 
comparable with that in other (national) studies as summarized in Table 3.3. The 
uncertainties in the 222Rn exhalation rates and the 226Ra activity concentrations, averaged 
over all mixtures, are found to be about 4 and 5%, respectively. This results in an averaged 
uncertainty of 7% (range 5 to 11%) in the 222Rn release factor.  
 The aim of this paper was to study the influence of the porosity on the exhalation rate. 
Therefore five series with a total of 23 mixtures were prepared to generate a wide range of 
porosities. For each series a key parameter was varied to induce the porosity. As shown in 
Table 4.8 the total porosities of the test specimen in this study range from less than 1% to 
16%. As a check on the integrity of the manufactured test cubes, a standard compressive 
strength test has been incorporated in this study. It is known that the compressive strength 
has an inverse relationship with the porosity (e.g. Neville, 1995). Fig. 4.9 includes the 
expected exponential relation for the normal, standard concretes from series I to III. A 
linear relation is found for the mixtures that contain an air entraining agent (series IV) and 
the mixtures to which recycled aggregates are added (series V). The dashed line in this 
figure connects the data points of these series with that of the respective reference 
mixtures, i.e. the concrete mixtures 4 and 19, respectively. That distinct relations are found 
for the various combinations of series has to be attributed to the different ways to introduce 
the porosities. Since no irregularities are detected, the integrity of all concrete mixtures can 
be assumed. 
 In series I a range in porosities is obtained by varying the amount of Portland cement. 
Increasing the cement content leads to a denser, less porous concrete with a higher 
strength. All these effects are indeed found in Table 4.8. More cement also accounts for an 
increase of the 226Ra activity concentration and proportional of the amount of 222Rn gas 
produced within the test specimen. However, this increase is not accompanied by a similar 
trend in the measured 222Rn exhalation rates, because the porosity reduces with increasing 
cement content. Repeating the experiments of series I with blast furnace slag cement 
(series II), shows results that are consistent with those from series I. Since the 226Ra 
activity concentration of blast furnace slag cement is substantially higher (Table 4.7), this 
reflects the increased activity concentration in comparison to series I. Furthermore, 
mixtures cemented with blast furnace slag are known to have a much denser concrete 
structure, leading to lower porosities as compared to corresponding mixtures with Portland 
cement. 
  




































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































146 Chapter 4 
Figure 4.9 
The compressive strength as a 











To compensate for the variation in 226Ra activity concentration of the various mixtures, the 
measured 222Rn exhalation rates are normalized to this activity concentration according to 
eq. (4.17) and expressed in the 222Rn release factor of the mixture. When this factor is 
plotted against the porosity, Fig. 4.10 is obtained, showing distinct relations for the 
mixtures cemented with Portland and blast furnace slag. In series III also Portland cement 
is used, except that the range in porosities of the mixtures is realized by varying the 
amount of water at a fixed amount of cement. This leads to approximately identical 226Ra 
activity concentrations, and less dense, more porous concrete specimen the more water is 
added, with increasing 222Rn exhalation rates as a result (Table 4.8). As illustrated in Fig. 
4.10 the results of this series comply well with that of series I. Evidently, there is no 
difference whether the porosity is changed either through the amount of water or through 
the amount of cement. As mentioned in the previous section the porosity in these three 
series reflects the volume of the capillary pores in the concrete mixtures.  
  
Figure 4.10 
222Rn release factor as a function of 
the porosity for the mixtures 
cemented with Portland (upper line) 
and blast furnace slag cement 
(bottom line). The error bars indicate 






















































Radon-transport mechanisms and mitigation 147 
In series IV the total porosity is the largest of all series. This porosity has been created by 
the use of an air-entraining agent, keeping the rest of the compositions identical. Even 
though the mixture compositions are the same, the 226Ra activity concentrations differ 
slightly, partly due to differences in sample density. The 222Rn exhalation rates do not 
follow the expected trend from the first three series and the large porosities are not 
accompanied by high exhalation rates. However, when the 222Rn release factor of these 
mixtures is plotted against the capillary porosity instead of the total porosity as is done in 
Fig. 4.10, these data points fit close to that of the other Portland-based series. This can be 
explained as follows. In the Materials and methods section it is demonstrated that the 
deduced 222Rn release factors in this study are practically equal to the emanation factors, 
the portion of the 222Rn atoms that reaches the pores. The escape of 222Rn from the mineral 
matrix is mainly due to the recoil energy it obtains upon the decay of a 226Ra atom. In most 
minerals the recoil distance is in the range 20 to 70 nm (Tanner, 1980). Thus, only those 
222Rn atoms that are formed near the surface of a pore wall will be able to leave it. In other 
words, not the pore volume but the internal pore area is indicative for the 222Rn release 
factor. As demonstrated in the Appendix, addition of an air-entraining agent hardly adds to 
the internal pore area. This leaves a main role for the capillary pore area and makes that the 
results of mixtures 17 and 18 from series IV well fit into that of series I and III.  
 In series V the porosity was changed by replacing the dense river gravel in successive 
steps by more porous recycled aggregates (40% recycled masonry and 60% recycled 
concrete) without changing the composition of the matrix. As can be concluded from Table 
4.8, the porosity goes up the more recycled aggregate is added and this is accompanied by 
a slight increase in the exhalation of 222Rn gas; nevertheless the 222Rn release factor 
decreases as a result of the 10 times higher 226Ra activity concentration of the recycled 
aggregates in comparison with that of standard river gravel (Table 4.7). In Fig. 4.11 the 
exhalation  rates  of the mixtures  19-23 of series  V are plotted against  the recycled aggre- 
 
Figure 4.11  
Triplicate results of the 222Rn exha-
lation rate plotted against the activity 
concentration of 226Ra present in the 
granulate fraction, expressed as Bq 
per kg concrete. The drawn line is the 
best fit as found by linear regression 
according to the method of least- 
squares. The correlation coefficient R 
is 0.89. The results of both quantities 
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148 Chapter 4 
gate-related 226Ra activity concentrations in these mixtures. The means and SD’s of the 
linear regression coefficients c0 and c1 are found to be (9.6 ± 0.2) μBq (kg s)-1 and (0.23 ± 
0.03) x 10-6 s-1, respectively (n=15). Assuming that the contribution of river gravel and 
sand to the 222Rn exhalation is negligible, the 222Rn release factor of the cement and 
recycled aggregate fraction can be calculated from these values in accordance with eq. 
(4.18). For the cement a release factor of (59 ± 2)% is inferred and (11 ± 2)% for the 
recycled aggregates. For the other concrete mixtures in this study cemented with Portland 
cement at a w/c ratio of 0.52, essentially the same cement-based release factor of (60 ± 
7)% is found (n=4). If the 222Rn release of the recycled aggregates is denied and entirely 
attributed to the cement, a cement-based release factor of (63 ± 5)% can be calculated 
(Table 4.8, n=4). Since this last figure is not significantly different from both others 
(Student’s t-test, p<0.05), no corrections for the 222Rn contribution from the recycled 
aggregate fraction were implemented.  
 Based on these results it can be concluded that the exhaled 222Rn mainly originates 
from the applied cement, even in the case of series V where significant amounts of 226Ra 
are introduced through the addition of recycled aggregates. The mixture-related 222Rn 
release factor, as defined in eq. (4.17), appears not to be the adequate quantity to express 
the release of 222Rn. This is illustrated in Table 4.8 in which for series V the increase in 
exhalation rate results in a decrease of the mixture-related 222Rn release factor.  
Normalizing the exhalation rate of 222Rn to the 226Ra activity concentration introduced by 
the cements, leading to the cement-based release factor, overcomes this drawback.  
 In the continuation of the discussion two transitions are made: (a) the measured 222Rn 
exhalation rates of all 23 mixtures are expressed in this cement-based 222Rn release factor, 
and (b) since the capillary pore volume is governed by the w/c ratio, a switch to this 
parameter is made as well. Fig. 4.12 shows the cement-based release factor as a function of 
the w/c ratio for all five series. Although the ways to obtain the various porosities differ 
from series to series, the results coincide very well within each type of cement. For both 
types of cement applies that on raising the w/c ratio, the average size of the capillary pores 
will increase; as a result more internal pore area will become available and the more 222Rn 
is able to emanate from the solid matrix into the pore system. If the curves are 
extrapolated, they appear not to cross the X-axis in the origin but at a w/c ratio of 0.08 and 
0.12, respectively. Obviously, the w/c ratio has to exceed a certain threshold value before 
the induced pores are sufficiently interconnected to assure a transport of 222Rn to the 
exterior of the test cubes.  
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Figure 4.12.  
Cement-based 222Rn release factor as 
a function of the w/c ratio for the 
mixtures cemented with Portland 
(upper line) and blast furnace slag 
cement (bottom line). The error bars 
indicate ± 1 SD. The drawn lines are 
the best fits as found by regression 
according to the method of least- 
squares. The corresponding 




In prior research contradictory results of the effect of the w/c ratio on the exhalation rate 
have been published (Ulbak et al., 1984; Kunsch and Hartl, 1989; Kovler et al., 2005; 
section 4.2). Partly this is due whether the exhalation rate is normalized to the 226Ra 
activity concentration or not. The present study shows a distinct increase with the w/c 
ratio, in agreement with the results reported earlier by Kunsch and Hartl (1989) and section 
4.2.  
 In this study no attempt has been made to quantify the pore size distribution and 
internal pore area of the concrete mixtures, due to a lack of specialized equipment and 
experience to realize this. Besides, the determination of these parameters is not without 
discussion and a multitude of different test methods is in use, which sometimes shows 
considerably different results. Literature data, appropriate to the present study, are scarce; 
to our knowledge no pore area data in relation to the w/c ratios have been published for 
blast furnace slag mixtures. Mikhail and Selim (1966) have reported data on the internal 
pore area of Portland cement pastes. The data were obtained by gas adsorption 
measurements, using a number of adsorbates at various w/c ratios. The adsorbates included 
nitrogen gas, most commonly used in this technique. The advantages and limitations of the 
use of nitrogen have been summarized elsewhere (Aligizaki, 2006). From the nitrogen data 
of Mikhail and Selim the area/volume ratio of the pores is determined and a best fit is 
prepared as a function of the w/c ratio. Subsequently, based on the w/c ratio of each of the 
mixtures from series I and III, the corresponding area/volume ratio of the pores is 
calculated and multiplied by their porosity. Per concrete mixture this results in a specific 
pore area, expressed as m2 pore area per m3 of concrete specimen. Fig. 4.13 shows the 
results of this calculation together with the results on porosity found in this study. The 
latter variable shows a linear increment with the w/c ratio, while the pore area clearly 
deviates at higher ratios. This is due to the fact that raising the w/c ratio predominantly 






























150 Chapter 4 
4.13 represents the cement-based 222Rn release factor and is copied from Fig. 4.12. The 
good correlation between the release factor and the pore area data supports the suggested 
role of the capillary pore area in the exhalation of 222Rn. 
   
Figure 4.13 
Cement-based 222Rn release factor, 
porosity and specific pore area as a 
function of the w/c ratio for the 
mixtures from series I and III (Port-
land cement). The solid line indicates 
the cement-based 222Rn release factor 
(left axis); the dashed line is the best 
fit of the porosity data indicated as 
filled squares (left axis); and the 
open diamonds represents the data 




 In this study five methods have been applied to create a range in concrete porosities by 
either varying the amount of Portland cement and blast furnace slag cement, the amount of 
water at a fixed amount of Portland cement, addition of an air entraining agent and 
replacing the river gravel in successive steps by recycled aggregates. In all mixtures the 
amount of cement is found to be the main contributor to the released amount of 222Rn. 
Since changing the composition of the mixtures sharply influences the 226Ra activity 
concentration of the mixtures, which in itself can affect the 222Rn exhalation rate, the 
exhalation rate data are normalized to the 226Ra activity concentration introduced by the 
cements into a quantity which in this paper is referred to as the cement-based 222Rn release 
factor. Decreasing the amount of Portland or blast furnace slag cement in the mixtures 
results in a gradual increase of this release factor, as is the case when the amount of water 
of the fresh paste is raised at a fixed amount of cement. Mixtures cemented with blast 
furnace slag cement show lower cement-based release factors than corresponding mixtures 
with Portland cement. Addition of an air entraining agent or replacement of river gravel by 
recycled aggregates, although strongly influencing the porosity of the mixtures, has no 
significant effect on the above-mentioned release factor.  
 The porosity of the present set of concrete mixtures covers a range from 1 to 16%. 
From this study it can be concluded that, although the applied methods to attain the 
porosities in the concrete mixtures are widely different, the capillary porosity plays a 




























































Radon-transport mechanisms and mitigation 151 
the fresh paste provides a good indication of the capillary porosity, it is demonstrated that 
in all cases this parameter is the guiding factor in the fabrication of concretes low in 222Rn 
exhalation. There is no difference whether the w/c ratio is changed either through the 
amount of water or through the amount of cement. The lower the w/c ratio, the less 
capillary pore area will be available from which the 222Rn can emanate from the mineral 
matrix into the pore system. The good correlation between the cement-based 222Rn release 
factor and literature data on the internal capillary pore area support the results in this study.  
 
Appendix 
In the case of mixtures to which an air-entraining agent is added (series IV), the internal 
pore area includes that of the capillary pores and that of the entrained air bubbles. If the 
capillary pores are considered as cylinders with a fixed diameter dP, the area/volume ratio 
of these pores equals 4/dP; for the spherical air entrained voids with diameter dA this ratio 
is 6/dA. The ratio between the internal area of the spherical air voids and the capillary 












;      (4.21) 
 
εA and εP in this equation refer to the porosity introduced by the air entrainer and that of the 
capillary pores, calculated according eq. (4.16) and eq. (4.15), respectively. For the 
capillary pores diameters are reported to range from about 10 nm to 10 μm (Gartner et al., 
2002) and for the spherical air voids from 0.01 to 1 mm (Aligizaki, 2006). If the log-
average values are entered into eq. (4.21) together with the porosity data of the concrete 
mixture 17 and 18 from series IV, the ratio K is found to be less than 1%. Although this 
calculation approximates the actual situation only roughly, it demonstrates that the internal 
pore area introduced by the addition of an air-entraining agent is small in comparison to 
that of the capillary pore system. Therefore, addition of such an agent will have no 
influence on the internal pore area.  
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